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CLAIMS 



1. An interface apparatus for interfacing motion of a user manipu)^Ie object with an 
electrical system, said interface apparatus comprising: 

a user object being physically contacted by a user; 

a gimbal mechanism coupled to said user object and providing at least two degrees of 
freedom to said user object, said gimbal mechanism including a^urality of members, wherein 
selected number of said plurality of members are formed as/ unitary member in which flex 
provided between said selected number of members; 



a 
is 



an actuator coupled to said gimbal mechanisn/for applying a force along a degree of 
freedom to said user object through said unitary men/er. wherein said actuator applies said force 
m response to electrical signals produced by said ele^rical system; and 

a sensei^or detecting a position of sai^ user object along said degree of freedom and 
outputting sehsor slgnaj&iasaid electrical systtoi; 

wherebyWactuator aAi said sei^r provide an electromechanical interface between said 
user object and said^ii^cal^stem. 

2. An apparatus as recited in/laim 1 wherein said gimbal mechanism provides at least two 
revolute degrees of freedom to szA user object, each revolute degree of freedom being about an 
axis of rotation. 

3. An apparatus as re/ted in claim 1 wherein said gimbal mechanism provides at least two 
Imear degrees of freedom^h linear degree of freedom being along a linear axis. 

4. An apparatu/as recited in claim 1 wherein said plurality of members of said gimbal 
mechanism are formed as a closed-loop linkage. 

5. An ap/aratus as recited in claim 4 wherein said closed loop linkage includes four 
members, whereih said four members of said closed-loop linkage are flexibly coupled to each other 
as segments of said unitary member. 

6. dn apparatus as recited in claim 4 wherein said closed loop linkage includes: 
irground member coupled to a ground surface; 
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first and second extension members, each extension member being couplecno said ground 
member, and / 

first and second central members, said first central member having a/end coupled to said 
first extension member and said second central member having an end i^oupled to said second 
extension member, wherein said central members are coupled to each odfer at ends not coupled to 
said extension members and wherein said central members are coupled^ said user object. 

7. An apparatus as recited in claim 6 wherein said central members are coupled to an object 
member which is coupled to said user object. / 

8. An apparatus as recited in claim 6 wherein said first and second central members are 
flexible and wherein said first and second central members and said first and second extension 
members are flexibly coupled to each other and form said^initary member. 

9. An apparatus as recited in claim 8 whereii/said ground member is rotatably coupled to 
said first and second extension members by bearing/ 

10. An apparatus as recited in claim / wherein at least one of said members flexibly 
coupled in saicf^imlan^niember is relativel/narrow in a dimension in which said member is 
desired to flex,\nd is jfelativelyXwide in oth/r dimensions in which said member is desired to be 
stiff. 

11. An apparatu^^cited in fiJlaim 7 wherein said first and second central members are 
flexibly coupled to an object member that is coupled to said object, wherein said object member can 
rotate in a third degree of freedom about an axis extending approximately through the intersection 
of said two axes of rotation. szA rotation in said third degree of freedom being allowed by 
flexibility of said central membeft. 

12. An apparatus as ^cited in claim 1 1 wherein said actuator is a first actuator coupled to a 
ground member, and further comprising a second actuator coupled to a ground member of said 
gimbal mechanism, said /econd actuator being operative to apply a force in a degree of freedom to 
said user object in reswfese to signals received from said electrical system. 

13. An apm/atus as recited in claim 12 further comprising a third actuator coupled to said 
object for applying a force to said user object in said third degree of freedom, said third actuator 
bemg coupled t(i said ground member and being coupled to said object by a torsion resistant 
flexure. / 

lyAn apparatus as recited in claim 6 wherein said end of said first central member is 
rotataby oupled to said first extension member by a bearing, wherein said end of said second 
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central member is rotatably coupled to said second extension member by a beari/g. and wherein 
said central members are flexibly coupled to said user object. / 

15. An apparatus as recited in claim 12 wherein said central member/are flexibly coupled 
to an object member which is coupled to said user object. / 

16. An apparatus as recited in claim 4 wherein said end of sai6 first central member is 
flexibly coupled to said first extension member, said end of said secon/central member is flexibly 
coupled to said second extension member, and said central raemben4re rotatably coupled to said 
user object by a bearing. / 

17. An apparatus as recited in claim 4 further compri^g a third central member flexibly 
coupled between one of said extension members and said us^ object. 

18. An apparatus as recited in claim 4 where/said two degrees of freedom are rotary 
degrees of freedom, each degree of freedom being ab/ut an axis of rotation, and wherein said two 
axes of rotation^ixed with respect to said ground member, said first and second extension 
members bein^rotat^bl^^^g^i^^ axes o/rotation. and wherein said central members are 
rotatable about hi^an£second floatW axes, said floating axes being movable with respect to said 
ground member. 

19. An apparatus as recited in clan/ 1 wherein said user object is a joystick handle. 

20. An apparatus as recited in^aim 2 further comprising a linear axis member coupled to 
said gimbal mechanism and bein/ independently translatable with respect to said gimbal 
mechanism along a third axis in a tKird degree of freedom, said third axis extending approximately 
through said intersection of said/wo axes of rotation, wherein said object is coupled to said linear 
axis member and is independefitly translatable along said third axis with respect to said gimbal 
mechanism. / 

21. An apparatus^ recited in claim 1 wherein said actuator includes a voice coil actuator 
for imparting a force oA said user object using magnetic fields and controlled by an electrical 
current. / 

22. An apn^atus as recited in claim 21 wherein said voice coil actuator includes a plurality 
of sub-coils. eacK of said sub-coils including a different number of loops such that a constant 
current can be^owed through selected ones of said sub-coils to create different force values on 
said user objisct. 

It An apparatus as recited in claim 1 wherein said actuator is interfaced to said electrical 
system JSy a voice coil driver chip. 
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24. An apparatus as recited in claim 23 wherein said voice coil driver chip has /variable 
gain of voltage input to current output. / 



25. A method for interfacing motion of a user-manipulable object with j 
the method comprising the steps of: 

defining an origin; 



;lectrical system. 



providing a gimbal mechanism movable relaUve to said origin s<ich that a user-manipulable 
object engaged with said gimbal mechanism has first and second d^ees of freedom, said gimbal 
mechanism having a plurahty of members, wherein a selected nuifiber of said members are formed 
as a unitary member such that flex is provided between said sej^ted number of members; 

applying a force in each of said two degrees o^eedom using a plurality of actuators, 
respectively, wherein said transducers are decoupled frofo each other; and 



providing said signals to and from said electHcal system. 



:d in claim/25 wherein said plurality of members of said gimbal 
of members. 



26. An^e 
mechanism form a 




27. A method as recited in cj^im 25 wherein said actuators are decoupled from each other 
and grounded. 

28. A method as recited in claim 25 wherein said object is independently rotatable with 
respect to said gimbal mech^sm about an axis in a third degree of freedom. 

29. A method recited in claim 25 wherein said object is coupled to said gimbal 
mechanism at said intt(rsection of said two axes of rotation and is capable of being translated 
independently with/espect to said gimbal mechanism along a third axis in a third degree of 
freedom. 

30. A^ethod as recited in claim 26 wherein said gimbal mechanism includes a unitary 
flexure of a^lurality of members and a ground member, said ground member being rotatably 
coupled to/Said unitary flexure by bearings. 
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31. A method as recited in claim 27 further comprising at least one sensor for converting 
movement of said object into electrical input signals, said input signals being input to said el^Zical 
system. 

32. A method as recited in claim 25 further comprising transmitting a fp^e from an 
actuator included in one of said transducers to said gimbal mechanism using^apstan drive 
mechanism, said capstan drive mechanism including a cable and puUy for transjjlMng said force. 

33. A method as recited in claim 31 wherein said capstan drivemechanism is rotatably 
coupled to said actuator and a member of said gimbal mechanism, said capstan drive mechanism 
including a capstan drum coupled to said puUy by said cable, wher^n said pully is rigidly coupled 
to said transducer and said transducer is operative to rotate sai^lley and thereby transmit force to 
said gimbal mechanism with no substantial backlash. 

34. A n^thod^ recitedni claim 25 furth^comprising transmitting a force from an 
actuator includek in oneW^id trahsducers to s^ gimbal mechanism using a friction drive 
mechanism, said fhctior(jirive mechJiism including a plurality of rollers frictionally engaging a 
movable drum, wherei^ at least one ot said rollers is driven by said actuator. 

35. A method as reciiia'in clami 33 wherein said friction drive mechanism is rotatably 
coupled to said actuator and a membe/ jf said gimbal mechanism, said friction drive mechanism 
including a rotatable drum including^ drive bar that engages said rollers. 

36. A method as recited^ claim 27 wherein said first degree of freedom actuator and said 
second degree of freedom actuator are coupled to a ground member of said gimbal mechanism. 



25 



37. An interfa/e apparatus for interfacing motion of a user manipulable object with a host 
computer system di^jilaying visual images on a screen, said interface apparatus comprising: 

a user objfect movable in a degree of freedom by a user and being physically contacted by 
said user; ^ 



30 



a gj^bal mechanism coupled to said user object and providing two degrees of freedom to 
said user6bject, said gimbal mechanism including a of a plurality of members; 

a processor, separate from said host computer system, for communicating with said host 
copiputer system via a communication interface by receiving a host command from said host 
5mputer system, said processor being controlled by software instructions; 
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an actuator physically coupled to said gimbal mechanism and electrically coupled to^id 
processor for applying a force along a degree of freedom to said user object in accordance4ith a 
processor command from said processor, said processor command being derived fronysaid host 
command; and 

a sensor for detecting a position of said user object along said degree £<f freedom and 
outputting sensor signals to said host computer system, said sensor signals incUWing information 
representative of said position of said user object. 



38. An interface apparatus as recited in claim 37 wherein said 
gimbal mechanism are formed in a closed-loop linkage. 



pliifality of members of said 



39. An interface apparatus as recited in claim 38 wherein sdid closed loop linkage includes 
five members, and wherein each of said five members of sai/closed loop linkage is rotatably 
coupled to at least two other members of said linkage. 

40. An interface apparatus as recited in claim 38 ^herein said closed loop linkage includes 
five members, and wherein a plurality of said five members of said closed loop linkage are flexibly 
coupled to other members of said linkage. 

I interfacVapparatu^as recited in claim 38 further comprising: 

a linear axis nTBc^iber^ojipled to sakfgimbal mechanism and being independendy rotatable 
with respect to said gimbaT^hanism ai^ut a third axis in a third degree of freedom, said third 
axis extending approximately througyaid intersection of said two axes of rotation, wherein said 
object is coupled to said linear axis^ember and is independently rotatable about said third axis 
with respect to said gimbal mechanism; and 

a sensor for detecting nrioUon of said linear axis member in said third degree of freedom. 

42. An interface ajfparatus as recited in claim 38 wherein said sensor is electrically coupled 
to said processor, wher^n said sensor outputs said sensor signals to said processor, and wherein 
said processor send^aid sensor signals to said host computer system and utilizes said sensor 
signals to deterniin94 force output by said actuator. 

43. An/nterface apparatus as recited in claim 42 wherein said processor is operative to 
provide said^rocessor command to said actuator in accordance with a processor subroutine 
selected in^cordance with said host command and stored in said memory device. 

An interface apparatus as recited in claim 42 wherein said communication interface 
includes a serial interface. 
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45. An interface apparatus as recited in claim 38 wherein said object is a joystick hanme. 

46. An interface apparatus as recited in claim 38 wherein said object is at least affortion of 
a medical instrument. 

47. An interface apparatus as recited in claim 38 wherein said actuator/(s coupled to 
ground member, and further comprising an additional actuator coupled to a grouiW member of said 
gimbal mechanism, said additional actuator being operative to apply a forife along a degree of 
freedom to said user object in response to signals received from said proceg^r. 

48. An interface apparatus as recited in claim 37 wherein sai4/&;tuator is interfaced to said 
microprocessor by a voice coil driver chip. 

49. An interface apparatus as recited in claim 37 further comprising a passive damper 
element coupled to^^^ms^ber of said gimbal mechanism J!b increase dynamic stability of said 
interface apparatus. 

50. An inteffoce a^aratus as redited in clain/ 57 further comprising a clock coupled to 
said processor and useiUH^st in part, tJ determin/said force output by said actuator. 



51. An interface apparatus for inteiTacing motion of a user manipulable object with an 
electrical system, said interface apparatus obmprising: 

a gimbal mechanism includh(g a plurality of members and providing two degrees of 
freedom to a user-manipulable objec/coupled to said gimbal mechanism; 

a first degree of freedoi/actuator coupled to said gimbal mechanism, said first degree of 
freedom actuator including afkst voice coil actuator for applying a force to said user-manipulable 
object in said first degree ofifreedom using a magnetic field; 

a second degree/f freedom actuator coupled to said gimbal mechanism, said second degree 
of freedom actuator/ncluding a second voice coil actuator for applying a force to said user- 
manipulable objectyin said second degree of freedom using a magnetic field; 

at leas^ne sensor for detecting motion of said user-manipulable object along said first and 
second degre6s of freedom and outputting sensor signals to said electrical system; 

lereby said actuators and said sensor provide an electromechanical interface between said 
objec^and said electrical system. 
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52. An apparatus as recited in claim 51 wherein said gimbal mechanism includes a/fclosed 
loop five member linkage, wherein each of said five members is rotatably coupled to at/feast two 
other members of said linkage. / 

53. An apparatus as recited in claim 51 wherein said gimbal mechanism/Includes a closed 
loop five member linkage, wherein a plurality of said five members are flexiWy coupled to other 
members of said linkage. / 

54. An apparatus as recited in claim 53 wherein two ojf^aid members are flexible 
members. / 

55. An apparatus as recited in claim 5 1 wherein cach/f said voice coil actuators includes a 
coil of wire and a rotatable member that rotates through a m^netic field and is forced in a particular 
direction depending pimnagnitude and direcUon of a cufrent flowed through said coil. 

56. An app^atus m recited in dlaim 55 wlwtein said coil includes a plurality of sub-coils, 
each of said sub-coil^H^ejkiding a difMent numheir of loops such that constant magnitude currents 
can be flowed through sefecle^^oijeS of said s^-coils to create different force values on said user 
object. 

57. An apparatus as recited in cl£m 55 wherein said voice coil includes a first coil of wire 
used to apply said force to said userT^anipulable object, and a second coil of wire used as said 
sensor for sensing a velocity of said^ser-manipulable object. 

58. An apparatus as recited in claim 51 wherein said user object is rotatable about two axes 
of rotation, and wherein sai/user object is independently rotatable with respect to said gimbal 
mechanism about a third ajGs in a third degree of freedom, said third axis extending approximately 
through said intersectk/ of said two axes of rotation, wherein said user-manipulable object is 
coupled to said linearAis member and is independently rotatable about said third axis with respect 
to said gimbal mechanism. 

59. An^pparatus as recited in claim 51 wherein said electrical system includes a host 
computer sys^fem that displays images to said user on a display screen, and wherein said sensor is 
electricalIw6oupled to a microprocessor provided locally to said interface apparatus, wherein said 
sensor o^puts said input signals to said processor, and wherein said processor sends said input 
signals/to said host computer system. 

/ 60. An interface device as recited in claim 59 wherein said processor is operative to 
n/ovide a processor command to said actuator in accordance with a reflex process selected in 
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accordance with a host command provided by said host computer, said reflex process beiji^ stored 
in a memory device. 

61. An interface device as recited in claim 59 wherein a reflex process is/elected by 
button on user object that has been activated by said user. 

62. An interface device as recited in claim 51 further comprising an/felectrical interface 
electrically coupled between said voice coil actuators and said electrical s^tem. said electrical 
interface including a voice coil driver chip for driving said voice coil actuatto. 



63. An interface apparatus for interfacing motion of a^er manipulable object with an 
electrical system, said interface apparatus comprising: 

a user-manipulable object moveable in two degrees /^freedom and physically contacted by 

a user; 

a first degE^eo^£reed^Ht'ac^ialo^ to «kid user-manipulable object, said first degree 

of freedom actuktor incljading a first Voice co/ actuator for applying a force to said user- 
manipulable objectvm said|rirst degree offreedoreAising a magnetic field; 

a second degreeohieeciom actuat^coupled to said user-manipulable object, said second 
degree of freedom actuator including a sp(^ond voice coil actuator for applying a force to said user- 
manipulable object in said second degafe of freedom using a magnetic field; and 

at least one sensor for det^ing motion of said user-manipulable object along said first and 
second degrees of freedom and/utputUng sensor signals to said electrical system; 

whereby said actuaj6rs and said sensor provide an electromechanical interface between said 
object and said electricaLsystem. 



64. Ana^paratus as recited in claim 63 wherein each of said voice coil actuators includes a 
coil of wkeM a member that moves through a magnetic field and is forced in a particular 
direction de^nding on a magnitude and direction of a cuirent flowed through said coil. 

An apparatus as recited in claim 64 further comprising a planar member coupled 
betwe/n said user-manipulable object and said first and second degree of freedom actuators, said 
plar^ member being translatable in two planar object degrees of freedom, wherein said translation 
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of said planar member causes said user-manipulable object to move in said user object degrees of 
freedom. / 

66. An apparatus as recited in claim 65 wherein said two user object degrees/M freedom 
are rotary degrees of freedom, and wherein said user object is coupled to a bajf joint that is 
rotatable in a socket, and wherein said translation of said planar member causes/said ball joint to 
rotate in said socket and thereby rotate said user object in said two user object ^grees of freedom. 

67. An apparatus as recited in claim 65 wherein said two user oi^ect degrees of freedom 
are linear degrees of freedom, and wherein said user object is translated in said user object degrees 
of freedom as said planar member is translated. / 

68. An apparatus as recited in claim 65 wherein said^anar member is a circuit board, and 
wherein coils of wire included in said voice coil actuators s&e etched onto said circuit board. 

69. ^*flrapparatus as recited in claim 68 further comprising an electrical interface electrically 
coupled bfetween s^itTvoice^oil actuators and^d electrical system, said electrical interface 
including a VQ^ce c<Ml driver ^p for driving sE^id voice coil actuators. 

70. An app^^s as recited in claim 69 wherein said voice coil driver chip is physically 
coupled to said circuit board. / 

71. An apparatus as recited^n claim 65 wherein said coil includes a plurality of sub-coils, 
each of said sub-coils including / lifferent number of loops such that constant magnitude currents 
can be flowed through selectad ones of said sub-coils to create different force values on said user 
object. / 

72. An apparat/s as recited in claim 65 wherein said coil is a first coil of wire used to 
apply said force to smd user-manipulable object, and further comprising a second coil of wire used 
as said sensor for seftsing a velocity of said user-manipulable object. 

73. Anipparatus as recited in claim 65 wherein said coil is used both for applying said 
force to said u4r-manipulable object and for sensing a velocity of said user-manipulable object. 



HA. An apparatus for interfacing the motion of a user-manipulable object with an electrical 
syst^hi comprising: 
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a gimbal mechanism providing two degrees of freedom to an object engage/with said 
gimbal mechanism about two axes of rotation, said object being coupled to said gimb^ mechanism 
at about the intersection of said two axes of rotation; 

an actuator for generating a force along said first degree of freedo;<i'of said gimbal 
mechanism; and 

a friction drive mechanism coupled between said actuator and s4id gimbal mechanism, 
wherein force from said actuator is transmitted to said gimbal mechanisylhrough frictional contact 
of members of said friction drive mechanism; 

whereby said actuator provides an electromechanical interface between said object and said 
electrical system. 



75. An ap 
rotatable drum ha 
include said drive 
engaging said drive bar 
freedom. 




icited in claim 74 wherein saW fricUon drive mechanism includes a 
[vein said members of said fiction drive mechanism 
pled to /aid actuator, said drive roller frictionally 
id transit a force to said object in said first degree of 



76. An apparatus as recited in claim 74 wherein said friction drive mechanism includes a 
translatable drum having a drive bar, and wfierein said members of said fiction drive mechanism 
include said drive bar and a drive roUer/coupled to said actuator, said drive roller frictionally 
engaging said drive bar to translate said^rum and transmit.a force to said object in said first degree 
of freedom. 

77. An apparatus as rec^d in claim 74 further comprising a second degree of freedom 
actuator coupled to said giml^l mechanism to generate a force along said second degree of 
freedom, wherein said first^gree of freedom actuator and said second degree of freedom actuator 
are coupled to a ground r/tmher of said gimbal mechanism, and further comprising an additional 
friction drive mechan^ coupled between said second degree of freedom actuator and said gimbal 
mechanism to transjtf t a force from said second degree of freedom actuator to said object in said 
second degree of ^edom. 

78. M apparatus as recited in claim 75 further comprising a passive roller frictionally 
engaged wi^ said drive bar on an opposite side of said drive bar to said drive roller. 

T9. An apparatus as recited in claim 74 wherein said gimbal mechanism includes a closed 
loop;fve member linkage, wherein each of said five members is rotatably coupled to at least two 
6r members of said linkage. 
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80. An apparatus as recited in claim 79 fuj/her comprising at least one sensor coupled to 
said apparatus to sense positions^of^aid objec/along said two degrees of freedom and which 
produce electrical signals corresponitin^sud/ positions for said electrical system. 

81. An apparatus as recited in cblm 75 wherein said object includes one of the groups 
5 consistingofatleastaportionofasurejcaltool, a stylus, and a joystick. 
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